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ABSTRACT:  Wave-flume experiments on the process of deformation of pre-existing two-dimensional ripples revealed that one
of two distinct types of three-dimensional patterned ripple, the rhombic or the barrel type, emerged in the early stages of the
experimental runs. Rhombic-type ripples were characterized by a staggered pattern of similar-sized mounds, whereas the barrel-
type ripples had a barrel-like plan shape arranged in echelons. The former ripples were formed under strongly asymmetrical flow
conditions with large excursion distances of water particle motion near the pre-existing rippled bed, whereas the latter were
formed under relatively symmetrical flow conditions with small excursion distances. The emergence of both types of ripples was
also highly dependent on sediment grain size. Copyright © 2009 John Wiley & Sons, Ltd.
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Introduction

Wave-generated ripples with distinctive three-dimensional (3D)
patterns have been occasionally found in natural nearshore
environments (e.g. Komar, 1973; Clifton, 1976; Xu, 2005) and
in ancient sedimentary records (e.g. Bucher, 1919; Stokes, 1950;
Allen, 1982). Laboratory and theoretical studies of such types
of ripples have shown that some 3D ripple types occur as
stable bedforms under constant oscillatory-flow conditions (e.g.
Bagnold, 1946; Silvester, 1972, 1975; Matsunaga and Honji,
1980; Vittori and Blondeaux, 1992; Jan and Lin, 1998; Roos
and Blondeaux, 2001), but other types emerge as ephemeral
features during the process of ripple deformation in response
to a change in near-bottom flow conditions (Hansen et al.,
2001a, 2001b; Bundgaard et al., 2004).

It could be widely accepted that 3D-patterned transitional
ripples appear after oscillatory flow changes from a direction
that is perpendicular to the crest line of the pre-existing ripples
to one that is oblique or parallel (Bundgaard et al., 2004).
However, through their oscillatory-bed experiment, Hansen
et al. (2001a, 2001b) have shown that ephemeral 3D-patterned
ripples emerge even when the oscillatory flow direction does
not change.

The experiments of Hansen et al. (2001a, 2001b) were
performed under very simplified conditions: (1) purely sym-
metrical oscillation in an oscillatory bed apparatus, and
(2) one kind of spherical glass beads for the bed material.
Wave-induced oscillatory flow is not purely symmetrical, but
skewed as non-linear wave theories suggest, and the degree
of flow asymmetry in wave-induced flows becomes marked

as waves shoal into the shallow-water region where ripple marks
predominantly develop in nature (e.g. Wiegel, 1964; Dean
and Dalrymple, 1992; Komar, 1998). Laboratory studies have
observed that flow asymmetry substantially affects the develop-
ment processes and configuration of ripples (e.g. Sekiguchi
and Sunamura, 2004, 2005a). We can anticipate that the size
and shape of sediment grains — factors controlling the mobility
of sediment — also influence the patterns of ripples during their
development.

The present wave-flume experiment using three sizes of quartz
sand grains revealed that two types of distinctive, transient
3D-patterned ripples appeared in the process of deformation
of a two-dimensional (2D) ripple field under the action of
wave-induced asymmetrical oscillatory flow. To my know-
ledge, the emergence of these ripple patterns has never been
reported before.

Laboratory Experiment

The present experiment was performed in the similar manner
to the experiment of Sekiguchi and Sunamura (2004, 2005a);
pre-exisitng 2D ripples were deformed by wave-induced
oscillatory flow. A wave flume was 14 m long, 25 cm wide,
and 50 cm deep (Figure 1). A piston-type wave generator
was fitted at one end of the flume, and a fixed slope of 1/20
was installed at the other end to decrease the energy of the
reflected waves. A movable bed 3 m long, 25 cm wide, and
3 cm high and composed of mono-sized sand was placed in
the horizontal portion of the flume. Well-sorted quartz sands
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Figure 1. Wave flume used in the experiment.

of three different grain sizes were prepared as bed materials:
the median diameters of the grains, D, were 0-10, 0-20, and
0-38 mm (Table I). Almost mono-sized 2D ripples were formed
manually on the bed and served as the initial boundary
condition of the experiment; they were called the original
ripples. The original ripple length, 4., and height, 7., were in
the range 2:1<A4.<15:0 cm and 0-3 < 7. <£2-4 cm, and the
ripple index, R. (= A/n.), was in the range 3-8 <R.<8-5
(Table I). The ripple size was varied according to the
experimental run.

The original ripples were deformed under the action of waves
that had the following hydraulic conditions: 7 <h <30 cm,
0:8<T<40s, and 2:7<H<12-4cm, where h, T, and H
denote the water depth, wave period, and wave height,
respectively (see Table I). The direction of wave propagation
was perpendicular to the crest of the original ripples. Through
each run, the hydraulic conditions were kept constant.

| examined the transient 3D-patterned ripples that occurred
during the ripple deformation process in 329 experimental
runs with different combinations of D, 4., h, T, and H. The top
and oblique-top views of the process of ripple deformation was
photographed with digital cameras at a certain interval of time.

Ephemeral 3D-patterned Ripples

Two types of 3D ripples with distinctive patterns appeared
temporally in the early stages of the deformation process in
43 runs: | named one rhombic type and the other barrel type.

\
14m (Width: 0-25 m)

Rhombic-type ripples

Rhombic-type ripples were characterized by similar-sized
mounds arranged in a rhombic pattern (Figures 2b and 3).
The rhombic ripples emerged during a process in which the
original ripples (Figure 2a) developed into larger ones (Figure 2f).
The process began with a decrease in the height of the original
ripples under the action of the first several cycles of waves.
Immediately after this, undulations occurred on each crest
line of the ripples; the pattern was staggered over the ripple
field, with an angle of 40° to 60° to the wave direction. In
time, the higher part developed into mounds and the lower
part into depressions, leading to the emergence of rhombic-type
ripples (Figure 2b). After this, the mounds began to migrate
onshore (arrow in Figures 2b and 2¢) and then coalesced into
irregular 3D ripples (Figure 2d). The rhombic ripples survived
only for 1 to 10 min. Further coalescence of the mounds made
the 3D ripples 2D (Figure 2e). Eventually, ripples that were
almost equivalent to 2D ripples, although not perfectly 2D,
were formed. They had much larger spacings that the original
2D ripples (compare Figures 2f and 2a).

Barrel-type ripples

This type of ripple was named for its barrel-like plan shape
(Figure 4d), which appeared from deformation of the original
ripples (Figure 4a) into smaller ones (Figure 4f). At the earliest
stage, short secondary crests (arrow, Figure 4b) began to occur

Run No. D, mm A, cm N, cm

T, sec H,cm do, cm kh do/As

0-20-083 0-20 33 25

20 11-1 202 0-52 61

!
:

10 cm

Figure 2. Top view of the development of rhombic-type ripples. Arrows indicate the same mound propagating onshore.
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Table I. Experimental conditions and results

Grain Ripple Ripple Ripple Water Wave Wave Wave Orbital
diameter, length, height, index, depth, period, length, height, diameter,
Run no. D (mm) A (cm) 7. (cm) Ad 1. h (cm) T (s) L (cm) H (cm) d, (cm) kh dy/ A Remarks
0-20-001 0-2 3-3 0-6 5-5 25 0-8 93 5-6 2-1 1-69 0-7 —
0-20-002 0-2 6-9 1-0 6-8 25 0-8 93 6-3 2-4 1-69 0-4 —
0-20-003 0-2 2-7 0-5 5-4 25 0-9 112 6-7 3-5 1-40 1-3 —
0-20-004 0-2 7-0 1-0 6-7 25 0-9 112 6-9 3-6 1-40 0-5 —
0-20-005 0-2 36 0-6 6-4 25 1-0 130 2-7 1-7 1-21 0-5 —
0-20-006 0-2 3-4 0-6 6-1 25 1-0 130 4-5 3-0 1-21 0-9 —
0-20-007 0-2 3-6 0-6 6-3 25 1-0 130 4-5 3-0 1-21 0-8 BP
0-20-008 0-2 3-6 0-6 6-4 25 1-0 130 4-5 3-0 1-21 0-8 —
0-20-009 0-2 3-5 0-5 6-7 25 1-0 130 4-7 3-1 1-21 0-9 BP
0-20-010 0-2 3-6 0-6 6-3 25 1-0 130 4-7 3-1 1-21 0-9 BP
0-20-011 0-2 3-4 0-5 6-3 25 1-0 130 4-9 32 1-21 0-9 BP
0-20-012 0-2 3-5 0-6 5-8 25 1-0 130 5-5 3-6 1-21 1-0 BP
0-20-013 0-2 3-5 0-6 6-2 25 1-0 130 5-5 3-6 1-21 1-0 —
0-20-014 0-2 3-5 0-6 6-3 25 1-0 130 5-5 3-6 1-21 1-0 BP
0-20-015 0-2 36 0-6 6-3 25 1-0 130 5-5 3-6 1-21 1-0 BP
0-20-016 0-2 3-5 0-6 6-1 25 1-0 130 7-6 5-0 1-21 1-4 —
0-20-017 0-2 37 0-6 6-5 25 1-0 130 7-8 5-1 1-21 1-4 —
0-20-018 0-2 3-5 0-6 6-3 25 1-0 130 8-1 5-3 1-21 15 —
0-20-019 0-2 3-6 0-6 6-3 25 1-0 130 8-1 5-3 1-21 1-5 —
0-20-020 0-2 5-0 0-8 6-2 25 1-0 130 4-5 3-0 1-21 0-6 —
0-20-021 0-2 4-8 0-6 8-5 25 1-0 130 8-8 5-8 1-21 1-2 —
0-20-022 0-2 4-7 0-6 8-4 25 1-0 130 119 7-8 1-21 1-6 —
0-20-023 0-2 7-0 1-2 57 25 1-0 130 5-8 3-8 1-21 0-5 —
0-20-024 0-2 7-6 1-2 6-3 25 1-0 130 6-7 4-4 1-21 0-6 —
0-20-025 0-2 7-4 1-1 6-6 25 1-0 130 6-9 4-5 1-21 0-6 —
0-20-026 0-2 7-5 1-2 6-3 25 1-0 130 6-9 4-5 1-21 0-6 —
0-20-027 0-2 6-7 1-2 59 25 1-0 130 8-4 5-5 1-21 0-8 —
0-20-028 0-2 8-5 1-3 6-5 25 1-0 130 5-0 3-3 1-21 0-4 —
0-20-029 0-2 8-4 1-3 6-4 25 1-0 130 5-0 3-3 1-21 0-4 —
0-20-030 0-2 8-4 1-5 55 25 1-0 130 6-8 4-5 1-21 0-5 —
0-20-031 0-2 8-4 1-4 59 25 1-0 130 8-1 5-3 1-21 0-6 —
0-20-032 0-2 8-4 1-3 6-5 25 1-0 130 122 8-0 1-21 1-0 —
0-20-033 0-2 87 1-4 62 25 1-0 130 122 80 1-21 0-9 —
0-20-034 0-2 8-8 1-4 6-3 25 1-0 130 122 8-0 1-21 0-9 —
0-20-035 0-2 15-0 2-3 6-5 25 1-0 130 6-3 41 1-21 0-3 —
0-20-036 0-2 15-0 2-3 6-5 25 1-0 130 79 5-2 1-21 0-3 —
0-20-037 0-2 3-5 0-6 6-2 25 1-2 166 109 99 0-95 2-8 —
0-20-038 0-2 41 0-6 6-8 25 1-2 166 4-7 4.2 0-95 1-0 —
0-20-039 0-2 3-5 0-6 62 25 1-3 183 87 9:0 0-86 2:6 —
0-20-040 0-2 3-5 0-6 6-2 25 1-3 183 10-0 10-3 0-86 29 —
0-20-041 0-2 3-5 0-6 6-2 25 1-3 183 10-8 111 0-86 32 —
0-20-042 0-2 6-5 1-2 5-5 25 1-3 183 106 109 0-86 17 —
0-20-043 0-2 3-5 0-6 6-2 25 1-5 217 4-4 5-5 0-72 1-6 —
0-20-044 0-2 36 0-6 6-5 25 1-5 217 5-6 7-0 0-72 19 —
0-20-045 0-2 3-3 0-5 6-2 25 1-5 217 5-8 7-4 0-72 22 —
0-20-046 0-2 3-6 0-6 6-4 25 1-5 217 6-6 8-4 0-72 2-3 —
0-20-047 0-2 3-5 0-6 6-3 25 1-5 217 7-6 96 0-72 2-7 —
0-20-048 0-2 3-4 0-5 6-4 25 1-5 217 9:0 11-4 0-72 3-4 RP
0-20-049 0-2 3-4 0-6 6-0 25 1-5 217 9-4 119 0-72 3-5 RP
0-20-050 0-2 3-8 0-6 6-5 25 1-5 217 10-4 132 0-72 3-5 RP
0-20-051 0-2 3-8 0-6 6-1 25 1-5 217 11-8 15-0 0-72 39 RP
0-20-052 0-2 6-0 1-3 4-7 25 1-5 217 4-8 6-1 0-72 1-0 —
0-20-053 0-2 6-0 0-9 6-4 25 1-5 217 8-3 10-5 0-72 1-7 —
0-20-054 0-2 5-8 1-0 6-0 25 1-5 217 10-5 13-3 0-72 2-3 —
0-20-055 0-2 7-2 1-1 6-8 25 1-5 217 5-4 6-8 0-72 0-9 —
0-20-056 0-2 7-2 1-1 6-4 25 1-5 217 7-5 9-5 0-72 1-3 —
0-20-057 0-2 82 1-4 5-7 25 1-5 217 39 4-9 0-72 0-6 —
0-20-058 0-2 7-8 1-1 7-0 25 1-5 217 4-0 5-1 0-72 0-7 —
0-20-059 0-2 8:2 1-5 5-5 25 1-5 217 5-6 71 0-72 0-9 —
0-20-060 0-2 82 1-3 6-1 25 1-5 217 6-9 87 0-72 1-1 —
0-20-061 0-2 8:2 1-3 6-3 25 1-5 217 72 9-1 0-72 1-1 —
0-20-062 0-2 82 1-4 6-1 25 1-5 217 8-4 10-7 0-72 1-3 —
0-20-063 0-2 8-0 1-4 5-7 25 1-5 217 10-7 135 0-72 17 —
0-20-064 0-2 8-3 1-5 57 25 1-5 217 11-2 14-2 0-72 1-7 —
0-20-065 0-2 9-8 1-5 6-8 25 1-5 217 5-3 6-7 0-72 0-7 —
0-20-066 0-2 10-0 1-5 6-9 25 1-5 217 7-5 9-5 0-72 1-0 —
0-20-067 0-2 10-0 1-5 6-9 25 1-5 217 10-5 13-3 0-72 1-3 —
Copyright © 2009 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms, Vol. 34, 839-847 (2009)

DOI: 10.1002/esp



842 EARTH SURFACE PROCESSES AND LANDFORMS
Table I. (Continued)
Grain Ripple Ripple Ripple  Water Wave Wave Wave Orbital

diameter, length, height, index, depth, period, length,  height, diameter,
Run no. D (mm) A (cm) 7. (cm) Ad 1. h (cm) T (s) L (cm) H (cm) d, (cm) kh dy/ A Remarks
0-20-068 0-2 15-0 2-3 6-5 25 1-5 217 4-0 5-1 0-72 0-3 —
0-20-069 0-2 15-0 2-3 6-5 25 15 217 8-1 10-2 0-72 0-7 —
0-20-070 0-2 3-5 0-6 62 25 20 300 3-4 62 0-52 1-8 —
0-20-071 0-2 3-6 0-6 6-4 25 20 300 3-7 6-7 0-52 1-8 —
0-20-072 0-2 39 0-6 6-5 25 2:0 300 37 6-7 0-52 17 —
0-20-073 0-2 3-5 0-6 6-3 25 2:0 300 41 7-5 0-52 2-1 —
0-20-074 0-2 39 0-6 6-5 25 20 300 5-5 9-9 0-52 2-5 —
0-20-075 0-2 3-4 0-6 6-1 25 20 300 5-6 10-2 0-52 3-0 —
0-20-076 0-2 3-5 0-6 62 25 20 300 6-6 12-0 0-52 3-4 RP
0-20-077 0-2 4-2 0-7 6-4 25 20 300 7-1 13-0 0-52 341 —
0-20-078 0-2 3-5 0-6 62 25 20 300 7-6 13-8 0-52 39 RP
0-20-079 0-2 3-6 0-6 63 25 20 300 8-4 15-2 0-52 4-3 RP
0-20-080 0-2 3-8 0-6 61 25 20 300 8-4 15-3 0-52 4-0 RP
0-20-081 0-2 3-6 0-6 6-4 25 2:0 300 9-4 1741 0-52 4-8 RP
0-20-082 0-2 3-6 0-6 6-4 25 20 300 9-4 171 0-52 4-8 RP
0-20-083 0-2 3-8 0-6 6-4 25 20 300 111 20-2 0-52 5-3 RP
0-20-084 0-2 5-0 0-8 6-3 25 20 300 3-7 6-7 0-52 1-3 —
0-20-085 0-2 6-0 0-9 6-9 25 2-0 300 4-3 7-8 0-52 1-3 —
0-20-086 0-2 5-6 0-9 5-9 25 20 300 5-1 9-3 0-52 17 —
0-20-087 0-2 6-0 0-9 6-5 25 20 300 6-3 11-5 0-52 19 —
0-20-088 0-2 6-2 1-0 63 25 20 300 11-4 207 0-52 3-3 —
0-20-089 0-2 6-1 1-0 6-4 25 20 300 119 21-7 0-52 3-6 RP
0-20-090 0-2 7-2 1-2 59 25 2:0 300 4-4 8-0 0-52 1-1 —
0-20-091 0-2 66 1-0 6-7 25 2-0 300 4-8 8-8 0-52 1-3 —
0-20-092 0-2 6-9 1-8 3-8 25 20 300 5-6 10-2 0-52 1-5 —
0-20-093 0-2 71 1-1 6-4 25 2:0 300 5-7 10-4 0-52 1-5 —
0-20-094 0-2 69 12 6-0 25 20 300 7-0 12-8 0-52 19 —
0-20-095 0-2 7-3 1-2 6-3 25 20 300 119 21-7 0-52 3-0 —
0-20-096 0-2 82 1-3 6-3 25 20 300 3-4 62 0-52 0-8 —
0-20-097 0-2 8:3 1-3 6-4 25 2-0 300 4-4 8-0 0-52 1-0 —
0-20-098 0-2 8-5 1-3 6-7 25 20 300 5-3 9-7 0-52 11 —
0-20-099 0-2 8-4 1-5 5-8 25 20 300 5-8 10-5 0-52 12 —
0-20-100 0-2 85 1-3 6-4 25 20 300 6-7 122 0-52 1-4 —
0-20-101 0-2 7-9 1-3 61 25 20 300 6-9 12-5 0-52 1-6 —
0-20-102 0-2 82 1-3 6-4 25 2:0 300 8-0 14-6 0-52 1-8 —
0-20-103 0-2 10-0 1-2 8-4 25 2-0 300 4-6 8:3 0-52 0-8 —
0-20-104 0-2 9-9 1-5 6-7 25 20 300 6-5 119 0-52 1-2 —
0-20-105 0-2 10-2 1-7 61 25 2:0 300 8-7 15-8 0-52 1-5 —
0-20-106 0-2 15-0 2-1 71 25 20 300 42 77 0-52 0-5 —
0-20-107 0-2 15-0 2-3 6-5 25 20 300 6-4 11-7 0-52 0-8 —
0-20-108 0-2 15-0 2-3 6-5 25 20 300 6-5 119 0-52 0-8 —
0-20-109 0-2 15-0 2:2 6-9 25 2-0 300 9-0 16-3 0-52 11 —
0-20-110 0-2 5-2 0-8 6-5 25 2-5 381 9-8 2341 0-41 4-4 RP
0-20-111 0-2 52 0-8 6-5 25 2-5 381 9-8 23-1 0-41 4-4 RP
0-20-112 0-2 8-2 0-6 14-5 25 2-5 381 9-8 2341 0-41 2-8 —
0-20-113 0-2 3-7 0-6 6-4 25 3-0 461 32 9-1 0-34 2-4 —
0-20-114 0-2 3-3 0-6 5-5 25 3-0 461 4-9 14-0 0-34 4-2 RP
0-20-115 0-2 3-5 0-6 6-2 25 3-0 461 6-9 19-7 0-34 56 RP
0-20-116 0-2 3-5 0-6 6-2 25 3-0 461 8-3 237 0-34 6-8 RP
0-20-117 0-2 6-2 1-0 6-5 25 3-0 461 6-6 19-0 0-34 31 —
0-20-118 0-2 5-8 1-0 59 25 3-0 461 7-0 20-0 0-34 3-4 —
0-20-119 0-2 62 1-1 5-9 25 3-0 461 8-5 24-5 0-34 39 —
0-20-120 0-2 6-0 1-0 6-0 25 3-0 461 111 319 0-34 5-3 —
0-20-121 0-2 6-6 1-2 5-8 25 3-0 461 6-9 19-7 0-34 3-0 —
0-20-122 0-2 7-8 1-2 6-4 25 3-0 461 3-0 8-6 0-34 11 —
0-20-123 0-2 8-0 1-3 6-2 25 3-0 461 4-5 12-9 0-34 1-6 —
0-20-124 0-2 8-0 1-4 56 25 3-0 461 7-5 214 0-34 27 —
0-20-125 0-2 7-8 1-2 6-3 25 3-0 461 8-4 240 0-34 341 —
0-20-126 0-2 9-8 1-5 6-6 25 3-0 461 32 9-2 0-34 0-9 —
0-20-127 0-2 10-2 1-3 7-6 25 3-0 461 4-7 135 0-34 1-3 —
0-20-128 0-2 122 1-7 7-4 25 3-0 461 4-9 141 0-34 1-2 —
0-20-129 0-2 9-8 1-5 6-8 25 3-0 461 6-8 19-6 0-34 20 —
0-20-130 0-2 9-8 1-5 6-8 25 3-0 461 8-7 249 0-34 2-5 —
0-20-131 0-2 15-0 2-3 6-5 25 3-0 461 8-1 23-3 0-34 1-6 —
0-20-132 0-2 15-0 24 6-3 25 3-0 461 6-5 18-7 0-34 12 —
0-20-133 0-2 15-0 23 6-5 25 3-0 461 4-7 13-4 0-34 0-9 —
0-20-134 0-2 6-2 1-0 6-3 25 4-0 620 7-4 289 0-25 4-7 RP

Copyright © 2009 John Wiley & Sons, Ltd.
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Table 1. (Continued)

Grain Ripple Ripple Ripple Water Wave Wave Wave Orbital
diameter, length, height, index, depth, period, length, height, diameter,
Run no. D (mm) A (cm) 7. (cm) Ad 1. h (cm) T (s) L (cm) H (cm) d, (cm) kh dy/ A Remarks
0-20-135 0-2 6-0 1-0 6-3 30 1-0 137 5-3 29 1-37 0-5 —
0-20-136 0-2 6-0 1-0 6-3 30 1-0 137 86 4-7 1-37 0-8 —
0-20-137 0-2 6-0 1-0 6-3 30 1-5 234 5-9 6-5 0-81 1-1 —
0-20-138 0-2 6-0 1-0 6-3 30 1-5 234 8-6 9-6 0-81 1-6 —
0-20-139 0-2 6-0 1-0 6-3 30 2:0 326 4-2 6-9 0-58 1-1 —
0-20-140 0-2 6-0 1-0 6-3 30 2-0 326 6-5 10-6 0-58 1-8 —
0-20-141 0-2 6-0 1-0 6-3 30 20 326 9-3 15-2 0-58 2-5 —
0-20-142 0-2 6-0 1-0 6-3 30 30 503 5-3 13-8 0-37 2-3 —
0-20-143 0-2 6-0 1-0 6-3 30 3-0 503 7-0 18-2 0-37 3-0 —
0-20-144 0-2 10-0 1-5 6-9 30 1-0 137 5-3 2-8 1-37 0-3 —
0-20-145 0-2 10-0 1-5 6-9 30 1-0 137 8-4 4-5 1-37 0-5 —
0-20-146 0-2 10-0 1-5 6-9 30 1-5 234 5-5 6-1 0-81 0-6 —
0-20-147 0-2 10-0 1-5 6-9 30 1-5 234 82 9-2 0-81 0-9 —
0-20-148 0-2 10-0 1-5 6-9 30 2:0 326 4-1 6-6 0-58 0-7 —
0-20-149 0-2 10-0 1-5 6-9 30 2:0 326 6-7 109 0-58 1-1 —
0-20-150 0-2 10-0 1-5 6-9 30 20 326 9-1 149 0-58 1-5 —
0-20-151 0-2 10-0 1-5 6-9 30 3-0 503 5-0 130 0-37 13 —
0-20-152 0-2 10-0 1-5 6-9 30 3-0 503 6-9 18-0 0-37 1-8 —
0-20-153 0-2 6-0 1-0 6-3 15 1-0 109 5-3 5-4 0-86 0-9 —
0-20-154 0-2 6-0 1-0 6-3 15 1-5 174 4-0 7-0 0-54 1-2 —
0-20-155 0-2 6-0 1-0 6-3 15 1-5 174 62 10-8 0-54 1-8 —
0-20-156 0-2 6-0 1-0 6-3 15 20 236 3-6 8-7 0-40 1-4 —
0-20-157 0-2 6-0 1-0 6-3 15 2:0 236 5-7 13-8 0-40 2-3 —
0-20-158 0-2 6-0 1-0 6-3 15 3-0 360 3-3 12-3 0-26 20 —
0-20-159 0-2 6-0 1-0 6-3 15 3-0 360 4-0 15-1 0-26 2-5 —
0-20-160 0-2 6-0 1-0 6-3 15 30 360 5-7 21-5 0-26 36 —
0-20-161 0-2 10-0 1-5 6-9 15 1-0 109 50 5-1 0-86 0-5 —
0-20-162 0-2 10-0 1-5 6-9 15 1-5 174 4-2 7-4 0-54 0-7 —
0-20-163 0-2 10-0 1-5 6-9 15 1-5 174 6-3 111 0-54 1-1 —
0-20-164 0-2 10-0 1-5 6-9 15 2-0 236 3-5 8-5 0-40 0-9 —
0-20-165 0-2 10-0 1-5 6-9 15 20 236 5-8 14-0 0-40 1-4 —
0-20-166 0-2 10-0 1-5 6-9 15 30 360 3-8 14-3 0-26 1-4 —
0-20-167 0-2 10-0 1-5 6-9 15 3-0 360 6-0 226 0-26 2-3 —
0-20-168 0-2 3-6 0-6 6-4 7 1-0 79 2-8 4-7 0-56 1-3 —
0-20-169 0-2 36 0-6 6-4 7 1-5 122 1-7 4-6 0-36 1-3 —
0-20-170 0-2 36 0-6 6-4 7 1-5 122 27 7-2 0-36 20 —
0-20-171 0-2 3-6 0-6 6-4 7 20 164 25 9-0 0-27 2-5 —
0-20-172 0-2 6-0 1-0 6-3 7 1-0 79 30 5-1 0-56 0-9 —
0-20-173 0-2 6-0 1-0 6-3 7 1-5 122 1-6 4-3 0-36 0-7 —
0-20-174 0-2 6-0 1-0 6-3 7 20 164 26 9-4 0-27 1-6 —
0-20-175 0-2 6-0 1-0 6-3 7 30 247 2-1 115 0-18 19 —
0-10-001 0-1 32 0-5 6-3 25 0-9 112 5-1 3-1 1-40 1-0 —
0-10-002 0-1 6-2 1-0 6-3 25 0-9 112 3-0 3-5 1-40 0-6 —
0-10-003 0-1 3-3 0-5 6-1 25 1-3 183 5-6 9-3 0-86 2-8 —
0-10-004 0-1 2-1 0-4 55 25 1-3 183 7-5 9-6 0-86 4-6 —
0-10-005 0-1 5-0 0-8 6-2 25 1-3 183 5-3 9-7 0-86 19 —
0-10-006 0-1 2-6 0-5 5-4 25 1-5 217 5-3 10-7 0-72 4-1 RP
0-10-007 0-1 32 0-6 5-8 25 1-5 217 5-8 132 0-72 41 RP
0-10-008 0-1 5-4 0-8 6-4 25 1-5 217 4-5 14-0 0-72 26 —
0-10-009 0-1 3-2 0-5 6-2 25 2:0 300 5-9 7-8 0-52 2-4 —
0-10-010 0-1 26 0-4 6-7 25 2:0 300 4-4 12-4 0-52 4-8 —
0-10-011 0-1 5-0 0-8 6-2 25 20 300 6-6 12-5 0-52 2-5 —
0-10-012 0-1 29 0-4 6-7 25 2:0 300 5-8 12:6 0-52 4-3 RP
0-10-013 0-1 3-4 0-5 6-3 25 2:0 300 4-3 17-1 0-52 5-0 RP
0-10-014 0-1 5-0 0-9 5-5 25 20 300 5-0 21-7 0-52 4-3 —
0-10-015 0-1 3-3 0-5 6-5 25 2:0 300 5-0 22-1 0-52 6-7 RP
0-10-016 0-1 5-1 0-8 6-2 25 2:0 300 4-5 22-5 0-52 4-4 —
0-10-017 0-1 2-8 0-4 6-4 25 20 300 59 23-3 0-52 8-3 RP
0-10-018 0-1 6-7 1-2 5-7 25 2-5 381 4-3 8-1 0-41 12 —
0-10-019 0-1 3-1 0-5 6-3 25 3-0 461 77 13-1 0-34 42 —
0-10-020 0-1 3-4 0-5 6-2 25 3-0 461 79 18-1 0-34 5-3 RP
0-10-021 0-1 2-7 0-4 6-3 25 30 461 8-3 19-1 0-34 71 RP
0-10-022 0-1 52 0-8 6-5 25 3-0 461 9-2 219 0-34 4-2 RP
0-10-023 0-1 3-3 0-5 6-3 25 3-0 461 71 22-3 0-34 6-8 RP
0-10-024 0-1 2-6 0-4 6-4 25 30 461 111 23-3 0-34 9-0 —
0-10-025 0-1 10-0 1-5 65 25 3-5 540 3-4 14-8 0-29 1-5 —
0-10-026 0-1 32 0-5 6-3 25 4-0 620 59 13-3 0-25 41 —
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Table I. (Continued)
Grain Ripple Ripple Ripple  Water Wave Wave Wave Orbital

diameter, length, height, index, depth, period, length,  height, diameter,
Run no. D (mm) A (cm) 7. (cm) Ad 1. h (cm) T (s) L (cm) H (cm) d, (cm) kh dy/ A Remarks
0-10-027 0-1 26 0-4 6-1 25 4-0 620 9-1 172 0-25 6-6 —
0-10-028 0-1 3-2 0-5 6-3 25 4-0 620 7-9 17-4 0-25 54 RP
0-10-029 0-1 55 0-9 6-3 25 4-0 620 111 17-6 0-25 32 RP
0-10-030 0-1 2-5 0-4 6-8 25 4-0 620 8-3 234 0-25 9-4 —
0-10-031 0-1 3-4 0-4 8-5 25 4-0 620 8-3 23-4 0-25 6-9 RP
0-10-032 0-1 53 0-9 62 25 4-0 620 9-1 23-6 0-25 4-5 RP
0-10-033 0-1 3-7 0-4 8-4 25 4-0 620 7-7 279 0-25 7-5 RP
0-38-001 0-38 4-4 0-7 6-2 25 1-0 130 6-6 4-3 1-21 1-0 —
0-38-002 0-38 41 0-6 6-5 25 1-0 130 7-5 4-9 1-21 12 BP
0-38-003 0-38 41 0-7 62 25 1-0 130 8-7 57 1-21 1-4 —
0-38-004 0-38 6-5 1-0 6-3 25 1-0 130 6-6 4-3 1-21 0-7 —
0-38-005 0-38 66 0-8 8-4 25 1-0 130 8-1 53 1-21 0-8 —
0-38-006 0-38 6-5 1-0 6-3 25 1-0 130 8-6 57 1-21 0-9 —
0-38-007 0-38 59 0-9 6-4 25 1-0 130 82 5-4 1-21 0-9 BP
0-38-008 0-38 73 1-1 66 25 1-0 130 8-4 55 1-21 0-8 —
0-38-009 0-38 8-5 1-4 6-2 25 1-0 130 6-6 4-3 1-21 0-5 BP
0-38-010 0-38 9-1 1-5 62 25 1-0 130 8-1 5-3 1-21 0-6 —
0-38-011 0-38 10-0 1-6 6-1 25 1-0 130 8-5 56 1-21 0-6 —
0-38-012 0-38 10-0 1-6 6-3 25 1-0 130 6-8 4-5 1-21 0-4 —
0-38-013 0-38 127 1-5 8-5 25 1-0 130 8-7 5-7 1-21 0-5 —
0-38-014 0-38 15-0 2-3 66 25 1-0 130 8-4 55 1-21 0-4 —
0-38-015 0-38 6-1 1-0 6-2 25 1-2 166 9-1 8-3 0-95 1-4 —
0-38-016 0-38 6-8 1-1 63 25 12 166 9-4 8-6 0-95 1-3 —
0-38-017 0-38 8-2 1-3 65 25 12 166 9-4 8-6 0-95 1-0 —
0-38-018 0-38 11-4 1-7 6-5 25 1-2 166 9-3 8-4 0-95 0-7 —
0-38-019 0-38 4-3 0-7 6-3 25 1-3 183 10-2 10-5 0-86 2-4 —
0-38-020 0-38 4-0 0-6 6-4 25 1-5 217 5-2 6-5 0-72 1-6 —
0-38-021 0-38 4-0 0-6 6-6 25 1-5 217 8-4 10-6 0-72 26 —
0-38-022 0-38 41 0-7 59 25 15 217 9-4 119 0-72 29 —
0-38-023 0-38 4-4 0-7 6-5 25 1-5 217 109 13-8 0-72 341 —
0-38-024 0-38 6-3 1-0 6-3 25 1-5 217 5-8 7-3 0-72 1-2 —
0-38-025 0-38 59 1-0 6-0 25 15 217 6-9 8-7 0-72 1-5 —
0-38-026 0-38 66 0-8 85 25 1-5 217 9-0 11-4 0-72 17 —
0-38-027 0-38 6-6 1-1 6-2 25 1-5 217 10-7 135 0-72 20 —
0-38-028 0-38 85 1-6 5-5 25 1-5 217 5-8 7-3 0-72 0-9 —
0-38-029 0-38 8:3 1-3 6-2 25 1-5 217 7-3 9-3 0-72 1-1 —
0-38-030 0-38 7-8 1-3 6-2 25 1-5 217 7-3 9-2 0-72 1-2 —
0-38-031 0-38 83 1-3 6-2 25 15 217 9-0 11-4 0-72 1-4 —
0-38-032 0-38 7-8 1-2 6-3 25 1-5 217 8-7 11-0 0-72 1-4 —
0-38-033 0-38 7-5 1-4 5-5 25 1-5 217 9-6 121 0-72 1-6 —
0-38-034 0-38 10-0 1-7 59 25 15 217 55 6-9 0-72 0-7 —
0-38-035 0-38 10-0 1-5 6-7 25 1-5 217 8-5 10-8 0-72 11 —
0-38-036 0-38 10-0 1-6 6-3 25 1-5 217 10-8 136 0-72 1-4 —
0-38-037 0-38 111 1-8 6-1 25 15 217 11-8 14-9 0-72 1-3 —
0-38-038 0-38 12-4 2-0 63 25 1-5 217 6-8 8-6 0-72 0-7 —
0-38-039 0-38 13-0 2-3 5-7 25 1-5 217 116 14-7 0-72 11 —
0-38-040 0-38 15-0 2:6 59 25 15 217 5-4 6-8 0-72 0-5 —
0-38-041 0-38 15-0 2:3 6-5 25 1-5 217 8-1 10-2 0-72 0-7 —
0-38-042 0-38 15-0 23 6-5 25 1-5 217 109 13-8 0-72 0-9 —
0-38-043 0-38 7-3 1-2 59 25 1-8 267 4-7 7-5 0-59 1-0 —
0-38-044 0-38 4-7 0-8 6-2 25 20 300 6-9 12-5 0-52 27 —
0-38-045 0-38 4-0 0-6 6-3 25 20 300 9-5 172 0-52 4-3 —
0-38-046 0-38 4-0 0-7 59 25 20 300 10-5 19-2 0-52 4-8 —
0-38-047 0-38 4-0 0-6 65 25 2-0 300 12-3 22-3 0-52 56 —
0-38-048 0-38 6-0 0-9 6-4 25 20 300 4-7 8-5 0-52 1-4 —
0-38-049 0-38 63 1-0 6-1 25 2:0 300 9-5 17-2 0-52 2-7 —
0-38-050 0-38 7-4 1-2 6-4 25 20 300 4-4 7-9 0-52 1-1 —
0-38-051 0-38 7-4 1-1 6-5 25 20 300 4-4 8-0 0-52 11 —
0-38-052 0-38 77 1-2 6-5 25 2:0 300 52 9-4 0-52 1-2 —
0-38-053 0-38 77 1-3 59 25 20 300 6-6 12-0 0-52 1-6 —
0-38-054 0-38 8-3 1-2 6-8 25 20 300 7-8 141 0-52 1-7 —
0-38-055 0-38 8:2 1-3 65 25 20 300 9-0 16-4 0-52 2-0 —
0-38-056 0-38 8-2 1-3 62 25 20 300 9-0 16-4 0-52 20 —
0-38-057 0-38 8-6 1-3 6-5 25 20 300 4-4 7-9 0-52 0-9 —
0-38-058 0-38 9-1 1-4 6-4 25 20 300 52 9-4 0-52 1-0 —
0-38-059 0-38 9-2 1-5 6-0 25 20 300 8:2 149 0-52 1-6 —
0-38-060 0-38 9-1 1-4 6-4 25 20 300 12-4 22-5 0-52 2-5 —
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Table 1. (Continued)

Grain Ripple Ripple Ripple Water Wave Wave Wave Orbital
diameter, length, height, index, depth, period, length, height, diameter,
Run no. D (mm) A (cm) 7. (cm) Ad 1. h (cm) T (s) L (cm) H (cm) d, (cm) kh dy/ A Remarks
0-38-061 0-38 10-0 1-6 6-3 25 2:0 300 4-1 7-5 0-52 0-7 —
0-38-062 0-38 10-0 1-8 55 25 2:0 300 6-2 112 0-52 11 —
0-38-063 0-38 99 1-6 6-1 25 2:0 300 89 16-2 0-52 1-6 —
0-38-064 0-38 10-0 19 5-4 25 2:0 300 9-1 16-6 0-52 1-7 —
0-38-065 0-38 10-0 1-6 6-2 25 2:0 300 11-8 21-4 0-52 2-1 —
0-38-066 0-38 129 1-5 8-4 25 2:0 300 84 15-3 0-52 1-2 —
0-38-067 0-38 13-4 2-1 6-3 25 2:0 300 56 10-1 0-52 0-8 —
0-38-068 0-38 15-0 2-3 6-5 25 2:0 300 4-2 77 0-52 0-5 —
0-38-069 0-38 15-0 2-4 62 25 2:0 300 6-4 11-7 0-52 0-8 —
0-38-070 0-38 15-0 2-4 6-3 25 2:0 300 86 15-7 0-52 1-0 —
0-38-071 0-38 15-0 2-4 6-4 25 2:0 300 11-3 20-5 0-52 1-4 —
0-38-072 0-38 7-3 1-2 6-3 25 25 381 5-1 119 0-41 1-6 —
0-38-073 0-38 9-1 1-5 6-3 25 2-5 381 5-1 119 0-41 1-3 —
0-38-074 0-38 4-5 0-7 6-8 25 30 461 6-9 19-7 0-34 4-4 —
0-38-075 0-38 4-4 0-7 6-5 25 3-0 461 7-0 20-0 0-34 4-5 —
0-38-076 0-38 3-8 0-7 5-7 25 30 461 83 239 0-34 6-3 —
0-38-077 0-38 4-0 0-7 55 25 30 461 106 30-5 0-34 7-6 —
0-38-078 0-38 3-8 0-6 6-3 25 3-0 461 120 34-5 0-34 9-1 —
0-38-079 0-38 6-4 1-0 6-5 25 30 461 50 14-4 0-34 22 —
0-38-080 0-38 6-0 0-9 6-4 25 30 461 6-8 196 0-34 3-3 —
0-38-081 0-38 6-0 1-1 55 25 3-0 461 9-8 281 0-34 4-7 —
0-38-082 0-38 8-4 1-4 6-2 25 30 461 97 27-8 0-34 3-3 —
0-38-083 0-38 9-6 1-5 6-5 25 30 461 6-9 19-7 0-34 2-1 —
0-38-084 0-38 10-0 1-6 6-4 25 3-0 461 4-4 12-7 0-34 1-3 —
0-38-085 0-38 10-9 1-7 6-3 25 30 461 49 14-1 0-34 1-3 —
0-38-086 0-38 10-0 1-7 5-8 25 3-0 461 8-4 24-2 0-34 2-4 —
0-38-087 0-38 12-5 2:0 6-3 25 3-0 461 6-9 199 0-34 1-6 —
0-38-088 0-38 12-5 2-0 62 25 30 461 12-2 350 0-34 2-8 —
0-38-089 0-38 15-0 2-7 55 25 30 461 4-9 141 0-34 0-9 —
0-38-090 0-38 15-0 2-5 59 25 3-0 461 71 20-4 0-34 1-4 —
0-38-091 0-38 15-0 2-3 6-5 25 30 461 8-5 24-3 0-34 1-6 —
0-38-092 0-38 15-0 2-4 6-3 25 30 461 9-6 276 0-34 1-8 —
0-38-093 0-38 6-0 1-1 5-4 15 1-0 109 50 5-1 0-86 0-8 —
0-38-094 0-38 6-0 0-9 6-4 15 1-5 174 4-3 75 0-54 1-2 —
0-38-095 0-38 6-0 0-9 6-5 15 1-5 174 6-2 10-8 0-54 1-8 —
0-38-096 0-38 6-0 1-0 6-1 15 2-0 236 37 9:0 0-40 1-5 —
0-38-097 0-38 6-0 0-9 6-7 15 2:0 236 6-0 14-7 0-40 2-4 —
0-38-098 0-38 6-0 1-0 6-3 15 30 360 4-1 15-5 0-26 2:6 —
0-38-099 0-38 10-0 1-5 6-5 15 1-0 109 4-1 4-2 0-86 0-4 —
0-38-100 0-38 10-0 1-5 6-5 15 1-0 109 4-8 49 0-86 0-5 —
0-38-101 0-38 10-0 1-7 59 15 1-5 174 4-3 7-5 0-54 0-7 —
0-38-102 0-38 10-0 1-5 65 15 1-5 174 65 11-4 0-54 1-1 —
0-38-103 0-38 10-0 1-5 6-5 15 2:0 236 3-5 8-5 0-40 0-9 —
0-38-104 0-38 10-0 1-6 6-2 15 2:0 236 6-0 14-7 0-40 1-5 —
0-38-105 0-38 10-0 1-6 6-1 15 3-0 360 4-5 170 0-26 17 —
0-38-106 0-38 10-0 1-6 6-3 15 30 360 6-3 236 0-26 2-4 —
0-38-107 0-38 6-0 0-9 6-7 30 1-0 137 89 4-8 1-37 0-8 —
0-38-108 0-38 6-0 0-9 6-8 30 1-5 234 5-8 6-4 0-81 1-1 —
0-38-109 0-38 6-0 0-9 6-3 30 1-5 234 9-:0 10-1 0-81 1-7 —
0-38-110 0-38 6-0 1-0 6-3 30 2:0 326 4-5 7-4 0-58 12 —
0-38-111 0-38 6-0 1-0 6-1 30 2-0 326 9:0 14-7 0-58 2-5 —
0-38-112 0-38 6-0 1-0 5-8 30 30 503 49 12-8 0-37 2-1 —
0-38-113 0-38 6-0 1-3 4-7 30 3-0 503 6-7 17-3 0-37 29 —
0-38-114 0-38 10-0 1-6 6-4 30 1-0 137 87 4-7 1-37 0-5 —
0-38-115 0-38 10-0 1-5 6-5 30 1-5 234 6-4 71 0-81 0-7 —
0-38-116 0-38 10-0 1-5 6-5 30 1-5 234 86 9-6 0-81 1-0 —
0-38-117 0-38 10-0 1-5 65 30 2:0 326 4-5 7-3 0-58 0-7 —
0-38-118 0-38 10-0 1-5 6-8 30 2:0 326 7-0 11-4 0-58 11 —
0-38-119 0-38 10-0 1-5 6-7 30 2:0 326 9-2 15-0 0-58 1-5 —
0-38-120 0-38 10-0 1-6 6-3 30 30 503 4-9 12-8 0-37 1-3 —
0-38-121 0-38 10-0 1-6 6-4 30 30 503 6-9 18-0 0-37 1-8 —

Note: RR: rhombic-type ripples; BR: barrel-type ripples; —: no marked transient 3D—patterned ripples.
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Oblique-top view

P

Figure 3. Oblique-top view of rhombic-type ripples.

in a staggered arrangement (with an angle of approximately
50° to 60°) in the troughs of the original ripples. Both sides of
each secondary crest became buried, and a wide bridge
connecting the original ripple crests was formed (bold arrow,
Figure 4c). The location of the bold arrow corresponds to that
of the arrow in Figure 4b. Simultaneously, the ripple length
in each bridge portion decreased, whereas that in the non-
bridge areas increased to form a bulge, making the crest line
of the original ripple sinuous (Figure 4c). In some bulging
parts, a secondary crest parallel to the original developed
and became pronounced (arrow 1 in Figure 4c). In other
parts, these secondary crests barely developed (arrow 2). In
both cases, the bulging part grew to exhibit a barrel pattern
(Figure 4d); the barrels were of almost equal size and arranged
in an echelon pattern. The barrel-type ripples lasted from
about 3 to 15 min.

In time, some of the secondary crests increased in height,
but others merged into the adjacent original ripples. Thus, the
barrel-type ripples gradually lost their regularity and became
irregular 3D ripples (Figure 4e). Further wave action began
to yield 2D ripples of a shorter length than the original ones
(Figure 4f). No substantial migration of the overall ripple
field occurred in experimental runs in which barrel ripples
occurred.

Occurrence conditions

The results of the experiment showed that the formation of
transient 3D ripples depended not only on the wave properties;
sediment grain size and initial boundary conditions were
also important (Table I). The effect of sand grain size on the
emergence of the two distinctively patterned ripples was
examined. Three different grain sizes, D = 0-10, 0-20, and
0-38 mm, were separately used in the experiment. No rhombic-
type ripples occurred in runs where D = 0-38 mm, whereas
no barrel-type ripples emerged when D =0-10 mm. In the
experiments that used the intermediate sand grain size,
0-20 mm, both types of ripples, with clearer features, were
formed. Thus, the emergence of the patterns was strongly
dependent on grain size.

Next, the influences of near-bed flow characteristics and
the interaction between pre-existing ripples and near-bed
flow were examined. For this purpose, two dimensionless
parameters, kh and dy/A., were used (Sekiguchi and Sunamura,
2004), where k is the wave number (= 2r/L), L is the wave-
length at depth h, and d, is the orbital diameter of near-
bottom water particle motion. The parameter kh served as
a surrogate indicator of velocity asymmetry near the bed.
Velocity asymmetry increases with decreasing kh value
(Sekiguchi and Sunamura, 2004, 2005b). The parameter d,/A.
denotes the distance of near-bottom water particle motion
relative to the original ripple length. According to linear wave
theory (e.g. Dean and Dalrymple, 1992; Komar, 1998), L and
d, are given as:

L = (gT*/2m) tanh kh (1)

dy= H/sinh kh )

The rhombic-type ripples appeared under the conditions of
a strongly asymmetrical flow field, with kh < 0-7 and a large
ratio of travel distance of water particle motion to the original
ripple length, with dy/4. > 3. However, all the experimental

Run No. D, mm Ae, €m0 7, €M h,em T.sec H,cm dp, cm kh do/As
020012 0-20 35 0-6 25 1-0 55 36 1-2 1-0
. Waves

3
:
i
3

17

Figure 4. Top view of the development of barrel-type ripples. See text for an explanation of the arrows.
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runs that satisfied the above conditions did not show
formation of rhombic ripples; some runs exhibited a process
that resulted in the development of 2D ripples without
transient rhombic ripples.

The barrel-type ripples developed under a relatively sym-
metrical flow regime, with kh>0-9 and a small relative
distance of water particle motion, 0-8 < dy/A. < 1-1. These
two ranges are within the conditions under which secondary
crests can form, i.e. kh > 0-7 and 0-8 < d,/A. < 1-2, as obtained
in a ripple deformation study by Sekiguchi and Sunamura
(2004). However, the barrel type did not always appear even
when the conditions for formation of secondary crests were
fulfilled; this means that formation of secondary crests is not
the only condition needed for the occurrence of barrel ripples.
Other currently unknown factors must be involved in the
process.

If the near-bottom fluid motion over the pre-existing ripple
field does not show any variation perpendicular to the flume
(i.e. the flow field is 2D), then no 3D-patterned ripples emerge.
Common to the occurrence of the rhombic- and the barrel-
type ripples, however, characteristic 3D patterns were formed
in an echelon at approximately 50° to 60° at the earliest stage
of the deformation process. It is obvious that the formation of
these patterns is closely connected with the three-dimensionality
of fluid motion at the onset of wave action. If secondary
circulation, which is due to the interaction between
oscillatory flow and the sidewalls of the flume and is
independent of the initial boundary conditions, had caused
the 3D fluid motion, it would be reasonably expected that (1)
formation of ephemeral 3D-patterned ripples would not have
depended on the initial boundary conditions; and (2) the final
ripples in the deformation processes would have been 3D
ripples. However, this concept does not agree with the results
of this experiment. The fluid motion was likely caused by the
coupling of water particle motion near the bottom with the
original ripple spacing and/or sand grain size. The question of
what determines the prevalence of 3D fluid motion is left for
future study.

Conclusion

Two types of ephemeral 3D-patterned ripples, i.e. rhombic and
barrel types, were observed at the incipient stage of a ripple
deformation experiment starting from a 2D ripple field. The
degree of flow asymmetry, the excursion distance of water particle
motion near the bed, and the sediment grain size affected the
formation of these ripples.
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